Objective-Obesity promotes hypertension, but it is unclear if sex differences exist in obesity-related hypertension.
O besity is a primary risk factor for the development of hypertension in the United States. Based on crosssectional data, men demonstrate a steeper increase in blood pressure with age compared with women, which is reversed after menopause when the prevalence of obesity increases in females. [1] [2] [3] It is unclear if obesity exerts similar mechanisms to promote hypertension in both men and women. The renin-angiotensin system (RAS) is activated in human and experimental obesity-associated hypertension. [4] [5] [6] [7] Angio tensin converting enzyme 2 (ACE2) balances the activity of the RAS through catabolism of the vasoconstrictor peptide, angiotensin II (AngII), to form the vasodilator peptide, angiotensin-(1-7) (Ang- [1] [2] [3] [4] [5] [6] [7] ). Expression of ACE2 by various cell types regulates actions of these peptides locally, as well as contributes to changes in the systemic balance of AngII/Ang- (1) (2) (3) (4) (5) (6) (7) . Reductions in ACE2 expression and function, as has been demonstrated in adipose tissue of male obese mice, 5 shifts the balance toward increased levels of AngII, favoring the development of hypertension. 1 A variety of tissues express ACE2, including kidney, heart, lung, and adipose tissue. 5, 8 Adipose tissue possesses a local RAS capable of synthesizing AngII and forming Ang-(1-7) from ACE2. 3 Previous studies in our laboratory demonstrated that ACE2 is regulated in adipose tissue of male mice fed a high-fat (HF) diet. 5 Initial stimulation of ACE2 in adipose tissue of HF-fed males was lost when male mice exhibited robust obesity associated with increased plasma levels of AngII and obesity-induced hypertension. These results suggest that HF feeding in male mice shifts the ACE2-regulated AngII/ Ang-(1-7) balance to favor high AngII in the development of obesity-associated hypertension. Because both adipose tissue 3 and kidney 2,8-10 express ACE2, obesity-induced regulation of ACE2 may differ between tissues and according to sex. Moreover, although several studies support sex differences in the RAS, which contribute to differences in blood pressure control, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] it is unclear whether sex differences extend to the development of obesity-related hypertension.
Recent results demonstrated that female spontaneously hypertensive rats exhibited a lower level of hypertension in Angiotensin converting enzyme 2 contributes to sex differences in the development of Obesity Hypertension in c57Bl/6 Mice response to AngII infusion than males, which was reversed by administration of an Ang-(1-7) receptor antagonist. 19 These results suggest greater conversion of AngII to Ang-(1-7), presumably resulting from ACE2, in kidneys of female compared with male rats. Previous studies demonstrated that estradiol positively regulated renal ACE2 in a rat model of hypertensive renal disease. 20 Taken together, these results suggest that differences in blood pressure responses to AngII between males and females may result from estrogen-mediated increases in ACE2 and increased production of the vasodilator, Ang-(1-7). It is unclear whether estrogen exerts tissue-specific regulation of ACE2 expression, and the role of estrogen regulation of ACE2 in the development of obesity-hypertension.
In the present study, we hypothesized that male and female mice exhibit sex differences in the development of obesityinduced hypertension because of differential tissue-specific regulation of ACE2 and a shift in the AngII/Ang-(1-7) balance. We focused on regulation of kidney versus adipose ACE2 activity in relation to plasma levels of AngII versus Ang-(1-7) in male and female mice made obese from consumption of a HF diet. Moreover, we defined the relative role of AngII versus Ang-(1-7) as mechanisms to initiate males or protect females, respectively, against obesity-associated hypertension. To define the mechanistic role of ACE2, we examined the effects of ACE2 deficiency in the development of obesityassociated hypertension in males versus females. Finally, we quantified effects of estrogen on ACE2 mRNA expression in adipocytes, and then defined effects of removal of female sex hormones on adipose ACE2 and the development of obesityassociated hypertension.
Methods

Animals and diets
The institutional Animal Care and Use Committee at the University of Kentucky approved all procedures using animals. Male and female C57BL/6 mice (aged 2 months; The Jackson Laboratories, Bar Harbor, ME) were fed a low-fat (LF, 10% kcal as fat; D12450B; Research Diets Inc, New Brunswick, NJ; n510) or HF diet (60% kcal as fat; D12492, Research Diets Inc; n510) for 16 weeks. During week 16 of HF feeding, the angiotensin type 1 receptor (AT1R) antagonist, losartan (10 mg/kg per day), was administered in the drinking water of male mice. In separate studies, female HF-fed mice were infused with vehicle or the Ang-(1-7) mas receptor antagonist, D-Ala-Ang-(1-7) (168 ng/kg per minute, Alzet Model 2004, SC) during week 16 of HF feeding (n55 mice/group). In separate studies, male and female Ace2 1/1 or Ace2 −/− mice (aged 2 months; backcrossed 10× onto a C57BL/6 background; n510-15 mice/group) were fed the LF or HF diet for 16 weeks. In separate studies, HF-fed female mice (n510-15 mice/group) underwent either sham surgery or ovariectomy (Ovx), and 2 weeks later were fed the HF-diet for 16 weeks. Diets were matched in protein content (20% kcal) and provided energy at 3.85 or 5.25 kcal/g (LF and HF, respectively). Diets were provided to mice ad libitum. Fat and lean mass were measured on conscious mice at study end point using DEXA-IR. At study end point, mice were anesthetized with ketamine/xylazine (100/10 mg/kg, IP) for exsanguination and tissue harvest.
Measurement of Plasma Parameters
Plasma concentrations of AngII were quantified as described previously in male and female mice fed a LF or HF diet. 5 Ang-(1-7) concentrations were quantified in mouse plasma (100 μL) using a commercial kit (Peninsula laboratories, LLC Bachem group, CA).
The anti-Ang-(1-7) antibody exhibits minimal cross-reactivity to AngII.
Measurement of Glucose Tolerance
Glucose tolerance was measured in fasted (6 hours) mice injected with glucose intraperitoneally at a dose of 2 g/kg body weight. Blood glucose concentrations were measured at times 0, 15, 30, 60, 90, and 120 minutes after the injection.
Measurement of Blood Pressure
Blood pressure was measured by radiotelemetry during week 16, according to the methods described previously. 5 Briefly, anesthetized (isoflurane, to effect) mice were implanted with carotid artery catheters during week 15 of LF or HF feeding, allowed 1 week to recover, and then pressure was recorded continuously (5 minute sampling) for 3 days. For female mice administered D-Ala-Ang-(1-7), systolic blood pressure (SBP) was measured by tail cuff as described previously 21 and confirmed at study end point in anesthetized mice by femoral artery catheter. 
Tissue Ace2 Measurements
statistical Analysis
Data are expressed as meanSEM. All data were analyzed using SigmaStat (Version 11, 2008, Systat Software, Inc., Chicago, IL). For 2 factor analysis, a 2-way ANOVA was used to analyze end-point measures followed by Tukey test for post hoc analysis. Significance was accepted at P0.05.
See online-only Data Supplement for additional experimental procedures.
results
The development of Obesity in HF-Fed Male and Female Mice
Male and female mice exhibited significant increases in body weight ( Figure 1A , P0.05) in response to the HF diet. Male HF-fed mice exhibited a 24.6 g increase in body weight, representing a 95% increase. By comparison, LF-fed males gained 7.5 g, representing a 31% increase. HF-fed female mice gained 21.1 g, representing an 117% increase. LF-fed females gained only 3.8 g, representing a 20% increase. After correcting for age-matched increases in body weights in LF-fed mice of each sex at week 16, female mice fed the HF diet gained more weight (97%) than males (64%). Body weight increased significantly in both sexes by week 4 of HF feeding. At study end point, body weights of HF-fed males were significantly increased compared with HF-fed females ( Figure 1A) .
In LF-fed mice, fat mass was significantly greater in male compared with female mice ( Figure 1B) . Fat mass increased significantly in both male and female mice fed the HF diet compared with LF-fed controls ( Figure 1B ). In addition, fat mass was significantly greater in HF-fed males compared with females (P0.05). Compared with age-matched LF-fed controls, male HF-fed mice exhibited an 86% increase in fat mass (LF, 6.52.2; HF, 18.60.9 g, P0.05). By comparison, female HF-fed mice exhibited a 236% increase in fat mass compared with age-matched LF-fed controls (LF, 2.20.2; HF, 9.60.6 g, P0.05). Thus, female mice exhibited a relatively greater increase in body weight and fat mass in response to the HF diet compared with males.
Both male and female HF-fed mice exhibited impaired glucose tolerance (area under the curve for glucose tolerance tests; Figure I in the online-only Data Supplement; P0.05) compared with LF controls. The magnitude of glucose intolerance was similar in HF-fed male (2.30-fold increase) and female (1.95-fold increase) mice compared with LF controls.
effects of Obesity on Plasma Angii and Ang-(1-7) concentrations and Tissue Ace2 Activity in Male and Female Mice
In LF-fed mice, plasma concentrations of AngII were similar between male and female mice ( Figure 2A ). With HF feeding, male, but not female mice, exhibited a significant increase in plasma concentrations of AngII (P0.05). Plasma concentrations of Ang-(1-7) were significantly lower in age-matched LF-fed female compared with male mice ( Figure 2B ; P0.05). In male mice fed a HF diet, plasma concentrations of Ang-(1-7) decreased significantly compared with LF-fed controls ( Figure 2B ; P0.05). In contrast, HF-fed female mice exhibited a significant increase in plasma Ang-(1-7) concentrations compared with LF-fed controls (P0.05).
In LF-fed mice, ACE2 protein ( Figure II in the onlineonly Data Supplement) and enzymatic activity ( Figure 2C ; P0.05) were significantly greater in kidneys of male compared with female mice. Similarly, ACE2 activity was significantly greater in adipose tissue from LF-fed male compared with female mice ( Figure 2C ). In HF-fed male mice, kidney ACE2 activity was significantly decreased compared with LF-fed controls ( Figure 2C , P0.05), and kidney ACE2 protein was modestly, but not significantly reduced ( Figure IIIA in the online-only Data Supplement, P 50.08). Interestingly, mas receptor protein increased significantly in kidneys from HF-fed male ( Figure IV in the online-only Data Supplement), but not female mice (data not shown). There was no effect of HF feeding on kidney ACE2 protein ( Figure IIIB in the online-only Data Supplement) or activity ( Figure 2C ; P0.05) in females. Notably, whereas ACE2 activity in adipose tissue was not altered with HF feeding in 
HF-Fed Male Mice develop Obesity-Associated Hypertension That is Abolished by losartan, Whereas Administration Of d-Ala-Ang-(1-7) Promotes the development of Obesity-Associated Hypertension in HF-Fed Females
During the light cycle, SBP and diastolic blood pressure (DBP) were similar in LF-fed male and female mice ( Figure 3A and 3C). However, during the night cycle, SBP, but not DBP, was significantly lower in LF-fed female compared with male mice (Figure 3B and 3D; P0.05) . As previously reported, 5 HF-feeding male mice exhibited a significant increase in SBP during both the day and night compared with LF-fed controls ( Figure 3A and 3B; P0.05) . During the night, DBP was also significantly increased in HF-fed male mice compared with LF-fed controls ( Figure 3D; P0.05) . Male HF-fed mice exhibited significantly increased mean arterial pressure compared with LF-fed controls, with no differences in heart rate, pulse pressure, or activity ( Table I in the online-only Data Supplement). In contrast, despite the robust development of obesity (Figure 1) , female mice fed the HF diet did not exhibit a significant change in SBP or DBP during the day or at night ( Figure 3A-3D) . Although there was no effect of HF feeding on mean arterial pressure, pulse pressures, or activity, heart rate was significantly increased in HF-fed females compared with LF-fed controls ( Table I in the online-only Data Supplement). Administration of the AT1R antagonist losartan had no significant effect on SBP in LF-fed male mice, but it significantly reduced SBP in HF-fed male mice to levels observed in LF-fed males ( Figure 4A; P0.05) . Conversely, infusion of the mas receptor antagonist D-Ala-Ang-(1-7) to female HF-fed mice resulted in a significant increase in SBP compared with vehicle ( Figure 4B ; P0.05).
Ace2 deficiency increases Blood Pressure in HF-Fed Male and Female Mice
Based on the above described results, we hypothesized that ACE2 deficiency would increase blood pressure in male HF-fed mice, primarily by increasing AngII/AT1Rmediated effects. In contrast, we hypothesized that female ACE2-deficient mice would develop obesity-hypertension because of an increase in the AngII/Ang-(1-7) balance ( Figure 2B ). ACE2-deficient male and female mice exhibited significant increases in body weight and fat mass with HF feeding (data not shown). After 16 weeks of HF feeding, body weights of HF-fed ACE2-deficient male and female mice were modestly, but significantly lower than HF-fed wild-type controls ( Table II in Plasma concentrations of Ang-(1-7) in HF-fed Ace2 −/y male mice (Ace2 −/y : 0.150.03 ng/mL) were not significantly different from levels in HF-fed wild-type male mice (Ace2 1/y : 0.130.02 ng/mL). However, plasma Ang-(1-7) concentrations in HF-fed Ace2 −/y males were lower than those observed in wild-type male mice fed the LF diet (0.590.14 ng/mL; Figure  2B ; P0.05). In contrast to findings from wild-type HF-fed females ( Figure 2B ), HF feeding did not result in an increase in plasma concentrations of Ang-(1-7) in ACE2-deficient females (Ace2 1/1 : 0.310.04; Ace2 −/− : 0.250.05 ng/mL). As demonstrated (Figure 3 ), night cycle SBP was significantly greater in HF-fed male compared with female Ace2 1/1 mice ( Figure 5A ; P0.05). Similar findings were observed for day cycle SBP (data not shown). ACE2 deficiency significantly increased SBP and mean arterial pressure in HF-fed male and female mice compared with wild-type controls of each sex ( Figure 5A ; Table II in the online-only Data Supplement; P0.05). However, male HF-fed ACE2-deficient mice had significantly greater SBP compared with ACE2-deficient females ( Figure 5A ; P0.05). To determine if male and female ACE2-deficient mice fed the HF diet exhibited increased SBP from elevated systemic AngII effects at AT1R, we administered losartan to Ace2 1/1 and Ace −/y mice. In HF-fed male mice, administration of losartan significantly lowered SBP (24 hours) in both genotypes ( Figure 5B; P0.05) . However, losartan-mediated reductions in SBP were more pronounced in ACE2-deficient mice compared with wild-type male mice (P0.05). In HF-fed female mice, losartan had no effect on SBP in Ace2 1/1 females (data not shown), but significantly lowered blood pressure in Ace2 −/− females (prelosartan: 1372; postlosartan: 1114 mm Hg; P0.05).
Ovx reduces Ace2 Activity in Adipose Tissue and Promotes Obesity-Associated Hypertension in Female Mice
Estrogen has been reported to positively regulate ACE2 activity in female rat kidney. 20 Therefore, we quantified effects of Ovx on tissue ACE2 activity and blood pressure in HF-fed females. Ovx increased body weights of HF-fed females compared with sham-operated controls (Sham, 413; Ovx, 502 g; P0.05). In kidneys from HF-fed females, Ovx had no effect on ACE2 activity ( Figure 6A ). In contrast, ACE2 activity in adipose tissue from HF-fed females was significantly reduced by Ovx ( Figure 6A; P0.05) . Plasma concentrations of Ang-(1-7) in HF-fed females were significantly decreased by Ovx ( Figure 6B ; P0.05) to levels that were comparable with those in LF-fed female mice ( Figure 2B ). Notably, SBP (night cycle) was significantly increased by Ovx (HF, sham: 1201; HF, Ovx: 1413 mm Hg, Figure 6C ; P0.05) to levels similar to those observed in HF-fed males (Figure 3) . Similar findings were observed in day cycle SBP (data not shown) and mean arterial pressure (Table III in 
the online-only Data Supplement).
To determine if sex hormones regulate adipocyte ACE2 expression, we quantified concentration-dependent effects of estrogen, progesterone, or testosterone on ACE2 mRNA abundance in 3T3-L1 adipocytes. Incubation of differentiated 3T3-L1 adipocytes with estrogen, but not other sex hormones, resulted in a concentration-dependent increase in ACE2 mRNA abundance ( Figure V 
discussion
The current study provides evidence that the AngII/Ang-(1-7) balance is regulated differently in male and female mice with diet-induced obesity, and contributes to diverging susceptibilities to obesity-hypertension. In males, HF feeding shifts the balance toward AngII/AT1R stimulation and the development of hypertension, and plasma Ang-(1-7) levels are suppressed. In contrast, females exhibit increased plasma Ang-(1-7)
concentrations with obesity and are resistant to the development of obesity-hypertension. AT1R antagonism eliminated obesity-hypertension in HF-fed males, whereas mas receptor antagonism promoted obesity-hypertension in females. ACE2 was demonstrated as a mechanism for differences in obesityhypertension between males and females, because ACE2 deficiency promoted obesity-hypertension in both sexes. Administration of losartan decreased effects of ACE2 deficiency to promote obesity-hypertension in males and females. Female sex hormones were demonstrated to contribute to tissue-specific regulation of ACE2 and the development of obesity-hypertension, since Ovx of females reduced adipose ACE2 activity and promoted obesity-hypertension. Notably, regulation of adipose ACE2 activity by HF feeding and Ovx in females paralleled blood pressure changes in females, whereas kidney ACE2 activity paralleled blood pressure changes in males. These results support the hypothesis that tissue specific regulation of ACE2 by obesity and female sex hormones results in a shift in the AngII/Ang-(1-7) balance contributing to sex differences in the development of obesity-associated hypertension.
To our knowledge, this is the first study to examine sex differences in the development of obesity-associated hypertension between male and female mice. In the present study, mice fed HF diets exhibited several characteristics of the metabolic syndrome, including obesity, glucose intolerance, and hypertension, some of which exhibited sex differences. For example, in contrast to male mice, female mice were resistant to the development of obesity-hypertension despite more pronounced increases in fat mass and body weight. Although it is generally considered that females exhibit lower levels of cardiovascular diseases compared with males, the age-adjusted prevalence of uncontrolled blood pressure is higher in females compared with males. 22 In addition, although blood pressure increases with age in both women and men, 3,22-25 the age-related increase is more rapid in women after menopause than in men. 3, 26 Results from this study suggest that changes in the AngII/Ang-(1-7) balance, favoring an increase in systemic levels of Ang-(1-7) associated with HF-induced activation of ACE2 in adipose tissue, contribute resistance to the development of obesity-hypertension in female mice. Given that females exhibited greater elevations in fat mass with obesity than males, elevated ACE2 activity in the expansive mass of adipose tissue of HF-fed females would predictably influence the local and systemic RAS. As females gained more weight and fat mass compared to males fed the HF-diet, the lack of hypertension development in females cannot be attributed to diminished development of obesity. Moreover, because glucose intolerance was similar between male and female HF-fed mice, the differences in insulin sensitivity most likely did not contribute to sex differences in the development of hypertension.
In agreement with previous studies, 4,5 plasma concentrations of AngII were increased in male mice exhibiting obesity-associated hypertension. To our knowledge, this is the first report that obesity results in sex-dependent differences in plasma concentrations of Ang- (1) (2) (3) (4) (5) (6) (7) . Marked reductions in plasma Ang-(1-7) concentrations in male HF-fed mice favored an increase in the AngII/Ang-(1-7) balance, which was supported by data demonstrating pronounced reductions in obesity-hypertension in males administered losartan. As ACE2 converts AngII to Ang-(1-7), we hypothesized that tissue-specific regulation of ACE2 in HF-fed male mice contributed to a shift in the AngII/Ang-(1-7) balance. Indeed, HF-fed male mice, but not females, exhibited reductions in kidney ACE2 protein and activity that likely contributed to elevated plasma levels of AngII and reduced levels of Ang- (1) (2) (3) (4) (5) (6) (7) . In addition, as plasma levels of Ang-(1-7) in HF-fed male mice were similar to those of ACE2-deficient male mice, the increased blood pressures in ACE2-deficient male mice fed the HF diet most likely resulted from augmented effects of AngII. This conclusion was supported in the present study by more pronounced losartan-mediated reductions in blood pressure in ACE2-deficient male mice compared with controls. Administration of losartan has been demonstrated previously to lower blood pressure to a greater extent in obese compared with lean male rats. 27, 28 These findings suggest that diet-induced obesity in male mice is associated with a shift in the AngII/Ang-(1-7) balance toward high AngII, potentially resulting from dysregulated kidney ACE2.
Whereas deficiency of ACE2 augmented obesity-hypertension in male mice, it induced obesity-hypertension in female mice. Mechanisms of ACE2 deficiency to induce the development of obesity-hypertension in HF-fed females included reductions in plasma Ang-(1-7) levels. Recent findings demonstrated increased conversion of AngII to Ang-(1-7) and lower blood pressure responses to AngII in female compared with male spontaneously hypertensive rats. 19 Our results extend these findings by demonstrating that ACE2 deficiency in female mice eliminates HF diet-induced increases in plasma Ang-(1-7) and induces obesity-hypertension. In addition, because administration of losartan normalized blood pressures of ACE2-deficient HF-fed females, these results suggest that ACE2 deficiency augments obesity-hypertension in male and female mice by increasing the AngII/Ang-(1-7) balance. Recent results demonstrated that a polymorphism in the ACE2 gene is associated with a lower risk for fatal cardiovascular events in females 29 , potentially related to 2 alleles of the X-linked ACE2 gene in females compared with males. It is unclear whether gene dosage differences in ACE2 expression between male and female mice in this study contributed to resistance to obesity-hypertension in females. However, as plasma Ang-(1-7) levels, as well as kidney and adipose ACE2 levels, were lower in LF-fed females than males, these results do not support a role for gene dosage effects of ACE2 in females. Rather, male and female mice appear to respond differently to consumption of a HF diet in the tissue-specific regulation of ACE2 and AngII/Ang-(1-7) balance. Tissue-specific regulation of angiotensin peptide balance by deficiency of ACE2 has been reported recently to impact pregnancy and gestational weight gain in pregnant female mice. 30 Our results indicate that female sex hormones also contribute to protection of females against obesity-hypertension, and that this protection may involve estrogen-mediated regulation of ACE2 in adipose tissue. Previous studies demonstrated that estrogen protects female rats against hypertension by amplifying the vasodilator contributions of Ang-(1-7) and reducing formation of AngII. 31, 32 Additional studies by this group 33 demonstrated that administration of estradiol to ovariectomized apolipoprotein E−deficient female mice decreased kidney ACE2 mRNA abundance. In contrast, in a renal wrap model of hypertension, Ovx decreased kidney ACE2 activity, which was restored by estradiol. 20 However, this same group recently demonstrated that Ovx of female mice increased renal ACE2 activity, 34 prompting the authors to speculate that estrogen regulation of ACE2 in kidney is different between normal and diseased conditions. Our findings do not support a role for female sex hormones as regulators of kidney ACE2 activity in the diseased condition of obesity. Rather, adipose ACE2 activity and plasma Ang-(1-7) levels were reduced by Ovx of HF-fed females and blood pressure increased, supporting adipose ACE2 as a target of female sex hormones in protection against obesity-hypertension. Further, estrogen, but not other sex hormones, increased ACE2 mRNA abundance in an adipocyte cell culture system, suggesting that in vivo effects of Ovx to decrease adipose ACE2 activity resulted from a lack of estrogen. Previous investigators demonstrated that the ACE2 promoter has 2 putative estrogen response elements. 32 Interestingly, obesity is associated with altered effects of estrogen in adipose tissue, 35, 36 suggesting that estrogen may exert tissue-specific effects on adipose tissue of obese female mice. Moreover, a loss of estrogen in postmenopausal women has been suggested as a contributor to an increased prevalence of obesity in this population. 37, 38 Indeed, in the present study, Ovx promoted the development of obesity, which may have contributed to increased blood pressure in ovariectomized HF-fed females.
In conclusion, results from this study demonstrate sex differences in the development of obesity-associated hypertension related to ACE2-mediated regulation of the AngII/Ang-(1-7) balance. Male mice exhibited obesity-hypertension associated with enhanced AngII/AT1R effects, whereas protection of female mice against obesity-hypertension was abolished by Ang-(1-7) mas receptor antagonism. Although ACE2 deficiency promoted obesity-hypertension in males and females, tissue-specific regulation of ACE2 by diet and sex hormones may have contributed to sex differences in obesity-hypertension. Regardless of sex differences in obesity-hypertension, these results suggest that stimulation of ACE2 may be beneficial in the treatment of obesity-associated hypertension in both males and females.
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